Introduction {#Sec1}
============

Transition metal dichalcogenides (TMDs), and graphene are tremendous 2D materials for electronic, photovoltaic, and spintronic devices \[[@CR1]--[@CR5]\]. In spintronics, the SVJ is a promising physical phenomenon and it enables non-volatile data storage with ferromagnetic memory elements acting as a spin polarizer or analyzers. It realized a new-era of magnetic random access memories, magnetic sensors, and basic logic applications as an information vector \[[@CR6]--[@CR8]\]. In recentyears, graphene and two-dimensional transition metal dichalcogenides (2D-TMDs) have found widespread novel spintronic applications \[[@CR9]--[@CR16]\]. They have been used widely to determine high magnetoresistance of 2D materials due to their spin-coherence and high spin-orbit coupling \[[@CR16], [@CR17]\]. However, among all TMDs, single-layer MoSe~2~ (SL-MoSe~2~) is less explored in spintronics despite its small spin splitting effect (188 meV) and band gap (1.5 eV) than that for WS~2~ and WSe~2~ in a thin-layer nano-sheet \[[@CR18], [@CR19]\]. The integration of SVJs based on 2D materials inherits some issues, such as oxidation resistance, which provokes new development in device fabrication \[[@CR20]--[@CR22]\]. Further, hybrids or heterostructures of 2D layered semiconducting materials and graphene were unexplored in magnetic tunnel junctions. They possibly would have explicit spin properties and complementary information in spin-polarized devices. Several problems of wet transfer in conventional SVJs are those which hammer the adverse oxidation of ferromagnetic metals (FMs) contacts that rely on the quality of interfaces at play to aim the true and high magnetoresistance (MR) values \[[@CR9], [@CR22], [@CR23]\]. However, further progress and fabrication of ultimate limit in the size of devices are required to control the oxide barrier, interfaces, substitution of material (spacer), and performance of spin-polarized electrodes.

To overcome these limitations, we exploited 2D materials and their heterostacks to demonstrate proficient, ultra-clean vertical SVJs of three different interlayer junctions between Co and NiFe electrodes. We observed clear spin signals of bilayer graphene (BLG), SL-MoSe~2~, and BLG/SL-MoSe~2~, showing MR up to room temperature. Here, we categorized the spin-valve junctions into two types. In the first type (individual/single materials; either BLG or SL-MoSe~2~) of spin-valve junctions, Co/BLG/NiFe, we investigated the positive and negative spin signals before and after annealing, but in other Co/SL-MoSe~2~/NiFe devices, the spin signal remained positive with a slight improvement in the MR values. Interestingly, in the second type (heterostack; BLG/SL-MoSe~2~) of spin-valve junctions, Co/BLG/SL-MoSe~2~/NiFe, the MR was found to be positive even before and after the annealing process. Moreover, in NiFe/BLG/SL-MoSe~2~/Co devices, a positive MR was observed before annealing, but the spin polarization of the electron reversed with significantly enhanced MR values after annealing.

To explore superior SVJs, decontaminated and residue-free interfaces should be employed for a non-magnetic thin film (spacer) sandwiched between the FM electrodes. An ultra-clean interface of BLG/FMs is achieved by evaporating FMs (without photo- and electron beam-lithography) to circumvent the oxidation process.

Experimental Methods {#Sec2}
====================

Device Fabrication {#Sec3}
------------------

The exfoliated BLG is transferred on \~ 2-μm diameter circular hole through a thick SiN window. The suspended BLG film was annealed in a furnace tube in argon and hydrogen gas environment at 350 °C for 4 h to deteriorate the residues from both sides of the suspended part of BLG. Before depositing the FM metals, we irradiated our devices from both sides under a DUV light in a vacuum environment for 15 min to further clean the BLG. Next, Co (\~ 20 nm with an evaporation rate = 0.6 Å/s) and Au (\~ 5 nm) metals were first deposited on the top side of the suspended graphene, respectively. Subsequently, NiFe (\~ 100 nm with an evaporation rate = 0.8 Å/s) and Au (\~ 200 nm) were deposited from the bottom side of the sample. Further, to make heterostack BLG was transferred on SL-MoSe~2~ to fabricate a BLG/SL-MoSe~2~ device, which was annealed in a furnace tube in argon (Ar) and hydrogen (H~2~) gas environment at 250 °C for 4 h to deteriorate the residue from both sides of the suspended junction. For SL-MoSe~2~ and BLG/SL-MoSe~2~ devices, Co/Au (35/10 nm) and NiFe/Au (150/200 nm) were deposited on the top and bottom sides, respectively. Then, the devices were annealed in the Ar and H~2~ gas mixture at 250 °C for 15 h to improve the junction quality and its compactness. Details of the hole-drilling process can be seen in [Supplementary Information](#MOESM1){ref-type="media"} Notes (1-2).

Device Characterization {#Sec4}
-----------------------

A Renishaw Raman micro-spectrometer and a laser wavelength of 514 nm were used to characterize the Raman spectra. Four-probe transport measurements based on vertical spin-valve junctions were performed using an ac lock-in amplifier technique. The driving ac current was fixed at 10 μA for temperature-dependent spin magnetotransport measurements and later increased up to 50 μA to study the effect of current dependence at a constant temperature (*T* = 4 K). The devices were cooled by liquid helium for low-temperature measurements, and the temperature was controlled by Lake Shore 331. The current-voltage measurement was accomplished using a pico-ammeter (Keithley 6485) and a nano-voltmeter (2182A).

Results and Discussion {#Sec5}
======================

Spin-Valve Junctions of BLG {#Sec6}
---------------------------

In our results, in vertical SVJ, BLG is sandwiched between Co and NiFe electrodes; its schematic is shown in Fig. [1](#Fig1){ref-type="fig"}a. From Figure [S1](#MOESM1){ref-type="media"}a, the Raman spectrum of suspended region confirms BLG as the G, and 2D peaks were found near \~ 1585.5 and \~ 2710 cm^−1^, respectively, which is consistent with a previous report \[[@CR24]\]. In addition, after FM depositions, the scanning electron microscopy (SEM) image of the top side is shown in Figure [S1](#MOESM1){ref-type="media"}b. Thereafter, temperature-dependent *I-V* characteristics were obtained, as shown in Fig. [1](#Fig1){ref-type="fig"}b (inset) where valuable information about conducting behavior of the SVJ was demonstrated. Figure [1](#Fig1){ref-type="fig"}b (inset) shows the linear curves for FM/BLG/FM, an indication of an ohmic contact, which is consistent with a previous report \[[@CR25]\]. The change in R vs B (in-plane) at different temperatures was observed as shown in Fig. [1](#Fig1){ref-type="fig"}b. The two electrodes were magnetically separated and switched independently at room temperature, where MR is defined as MR (%) = \[(*R*~AP~ − *R*~P~)/*R*~P~\] × 100 (%). Here, *R*~AP~ corresponds to the resistance when the magnetizations of the FM layers align in an anti-parallel configuration, and *R*~P~ is the resistance when the magnetizations of the FM layers are aligned parallel. Since, before annealing, we measured the devices and found positive magnetoresistance for BLG SVJ, representing low- and high-resistance states due to parallel and anti-parallel alignment of magnetizations of the FM materials, respectively. Figure [1](#Fig1){ref-type="fig"}b shows the MR traces at different temperatures by fixing constant current value (*I* = 10 μA). It was found that before annealing the MR values of BLG increased monotonically from \~ 0.75, \~ 0.88, \~ 0.95, \~ 1.12, and \~ 1.26% at *T* = 300, 200, 100, 50, and 4 K, respectively, as shown in Fig. [1](#Fig1){ref-type="fig"}c. However, these results are consistent and comparatively better than previous reports \[[@CR26]--[@CR28]\]. A higher magnetoresistance was observed at a low temperature, which is typical behavior of magnetic tunnel junctions (MTJs) attributed to the excitation of spin waves in FM materials \[[@CR29]\]. Therefore, after annealing, the BLG SVJ changes its sign due to the doping effect of Co and NiFe on both the top and bottom sides of BLG as shown in Fig. [1](#Fig1){ref-type="fig"}c (inset). Importantly, after annealing, the MR is increased to \~ − 0.84, \~ − 0.98, \~ − 1.19, \~ − 1.35, and \~ − 1.49% at *T* = 300, 200, 100, 50, and 4 K, respectively, as shown in Fig. [1](#Fig1){ref-type="fig"}c. Thus, the spin polarization is reversed and suggests a negative MR, which is attributed to charge transfer and proximity-induced band splitting in BLG as shown in Fig. [1](#Fig1){ref-type="fig"}d \[[@CR28]\]. Fig. 1**a** Scheme of device fabrication where ferromagnetic Co and NiFe metals were deposited on the top and bottom, respectively. **b** The change in R vs B traces before annealing at different temperatures (with *I* = 10 μA). (Inset) Current-voltage characteristics of the BLG at different temperatures are linear and indicate an ohmic contact. **c** Temperature-dependent MR values of the BLG before and after annealing at fixed ac current. (Inset) The MR vs B of Co/BLG/NiFe junction after annealing at *T* = 4 K. **d** Schematic drawing of spin-dependent density of states for BLG. Band splitting gives a difference in spin-up and spin-down carriers at *E*~F~. The thick dashed red line in the middle shows decoupling of van der Waals-bonded BLG

Due to annealing the junction becomes compact, and the distance between the layers and junction resistance is reduced (Figure [S3](#MOESM1){ref-type="media"}c); otherwise, before annealing, there could be a few angstrom (Å) gaps that act as insulators, hinder the doping mechanism, and circumvent the proximity-induced band splitting effect as reported in a previous report \[[@CR28]\]. In addition, at Fermi level, spin-up electrons are in a majority in n-doped graphene, while spin-down electrons are the majority in p-doped graphene which generates a negative MR. Moreover, to confirm the doping effect of Co and NiFe, we fabricated the field-effect transistors of pristine BLG, Co-doped BLG, and NiFe-doped BLG as shown in Figure [S3](#MOESM1){ref-type="media"}(a,b). We have used Ni~89~Fe~11~, therefore, Ni easily can dope p-type as reported previously \[[@CR30], [@CR31]\]. The Dirac measurements show that the charge neutrality point (CNP) of pristine BLG lies near + 4 V. After doping of BLG with Co and NiFe, the CNP shifted to + 17 and − 11 V, respectively, which endorse the modulation of Fermi level of BLG, as shown in Figure [S3](#MOESM1){ref-type="media"}b.

Spin-Valve Junction of SL-MoSe~2~ {#Sec7}
---------------------------------

Moreover, the optical image of SL-MoSe~2~ transferred on the SiN membrane hole is depicted in Fig. [2](#Fig2){ref-type="fig"}a. The height of the exfoliated MoSe~2~ flake, measured by atomic force microscopy (AFM), and the height profile suggest \~ 0.7 nm thick as shown in Figure [S2](#MOESM1){ref-type="media"}a-b. In single-layer exfoliated MoSe~2~, the A~1g~ (out-of-plane) Raman mode softens to \~ 240.6 cm^−1^ and the E^1^~2g~ (in-plane) mode stiffens to \~ 286.4 cm^−1^, as shown in Figure [S2](#MOESM1){ref-type="media"}c, which is consistent with the previous reports \[[@CR32]\]. The junction resistance of Co/SL-MoSe~2~/NiFe spin-valve junction is shown in Fig. [2](#Fig2){ref-type="fig"}b, which decreased with decreasing temperature. Further, in the linear *I-V* curves at different temperatures, inset of Fig. [2](#Fig2){ref-type="fig"}b also reveals an ohmic contact between the SL-MoSe~2~ and the FM electrodes. The linear *I-V* characteristics suggest that the monolayer MoSe~2~ acts as a conducting thin film rather than a tunnel barrier between the electrodes. In Fig. [2](#Fig2){ref-type="fig"}c, the MR loops of Co/SL-MoSe~2~/NiFe have been shown at different temperatures by keeping a constant current (*I* = 10 μA), which generates a positive spin signal. The scheme of SL-MoSe~2~ SVJ is shown inset in Fig. [2](#Fig2){ref-type="fig"}d. The temperature-dependent MR values for the Co/SL-MoSe~2~/NiFe junction are shown in Fig. [2](#Fig2){ref-type="fig"}d, where it is observed that MR reduces as the temperature increases. Fig. 2**a** Optical image of SL-MoSe~2~ flake on top of the hole. **b** Junction resistance of SL-MoSe~2~ at different temperatures. (Inset) Temperature-dependent *I*-*V* curves of vertical Co/SL-MoSe~2~/NiFe SVJ demonstrates a metallic junction. **c** The variation of R vs B at *T* = 300, 200, 100, 50, and 4 K before annealing. **d** The temperature-dependent MR ratio of Co/SL-MoSe~2~/NiFe before and after annealing at fixed current. (Inset) The schematic illustration of the device with SL-MoSe~2~

In this junction, the MR magnitudes at *I* = 10 μA are determined to be \~ 0.37, \~ 0.56, \~ 0.76, \~ 1.2, and \~ 1.51% at *T* = 300, 200, 100, 50, and 4 K, respectively. Additionally, at a fixed ac current, the MR values of Co/SL-MoSe~2~/NiFe junction enhanced slightly after annealing the devices and reached up to \~ 0.41, \~ 0.6, \~ 0.79, \~ 1.4, and \~ 1.56% at *T* = 300, 200, 100, 50, and 4 K, respectively, as shown in Fig. [2](#Fig2){ref-type="fig"}d. Thus, the enhancement of MR could be ascribed to improvement of junction quality, as indicated in Figure [S3](#MOESM1){ref-type="media"}c, where the junction resistance of all the devices reduced significantly after annealing. Importantly, the polarity of these SL-MoSe~2~ junctions remained the same, since Co and NiFe did not dope SL-MoSe~2~ enough to shift its Fermi level from the conduction band to valence band or vice versa. That is why MoSe~2~ demonstrated stable positive spin polarization at both interfaces.

Spin-Valve Junction of BLG/SL-MoSe~2~ Heterostack {#Sec8}
-------------------------------------------------

The heterostack of atomically thin 2D materials was explored owing to its distinct spin-polarized transport properties. Further, the optical image of BLG/SL-MoSe~2~ heterostack on the SiN hole is shown in Fig. [3](#Fig3){ref-type="fig"}a. The temperature-dependent junction resistance is shown in Fig. [3](#Fig3){ref-type="fig"}b (top-inset), wherein the resistance decreases with decreasing temperature, which indicates a metallic junction. For further confirmation of the metallic behavior, we investigated the four-probe geometry *I-V* characteristic at *T* = 4 K shown in Fig. [3](#Fig3){ref-type="fig"}b (bottom-inset). The Co/BLG/SL-MoSe~2~/NiFe junction exhibits a linear *I-V* curve owing to an ohmic contact. Before annealing, Fig. [3](#Fig3){ref-type="fig"}b shows the positive MR traces, which demonstrate the positive spin polarization in Co/BLG/SL-MoSe~2~/NiFe. However, after annealing, the MR sign remained positive (Fig. [3](#Fig3){ref-type="fig"}d, inset) and the values increased from \~ 0.42, \~ 0.63, \~ 0.85, \~ 1.26, and \~ 1.71% (Fig. [3](#Fig3){ref-type="fig"}d; before annealing) to \~ 0.49, \~ 1.13, \~ 1.65, \~ 1.81, and \~ 1.86% (Fig. [3](#Fig3){ref-type="fig"}d; after annealing) at *T* = 300, 200, 100, 50, and 4 K, respectively, as shown in Fig. [3](#Fig3){ref-type="fig"}d. High MR values at low temperatures are typical behavior of the spin-valve junctions \[[@CR33], [@CR34]\]. The positive MR in the Co/BLG/SL-MoSe~2~/NiFe devices is attributed to similar positive spin polarizations of both interfaces: Co/BLG and SL-MoSe~2~/NiFe. In our findings, we elucidate the positive spin polarization in SL-MoSe~2~ (Fig. [2](#Fig2){ref-type="fig"}c), while in Co/BLG/NiFe spin-valve junction, the Co/BLG interface also gives rise to the positive spin polarization. Thus, the net polarization of Co/BLG/SL-MoSe~2~/NiFe spin-valve junctions is positive which is explained schematically in Fig. [3](#Fig3){ref-type="fig"}c. Fig. 3**a** Optical microscopic image of BLG/SL-MoSe~2~ on a hole. **b** The temperature-dependent MR loops of Co/BLG/SL-MoSe~2~/NiFe junction at fixed current (*I* = 10 μΑ). (Top-inset) The temperature-dependent junction resistance of Co/BLG/SL-MoSe~2~/NiFe. (Bottom-inset) The linear *I-V* curve of Co/BLG/SL-MoSe~2~/NiFe device at *T* = 4 K. **c** Schematic drawing of spin-dependent density of states for BLG and SL-MoSe~2~ heterostacks. After annealing the devices, the Fermi levels of BLG adjacent to the Co or NiFe are shifted due to n-type or p-type doping. **d** Before and after annealing, the MR magnitudes as a function of temperature for the structure of Co/BLG/SL-MoSe~2~/NiFe. (Inset) After annealing, the temperature-dependent MR loop of the Co/BLG/SL-MoSe~2~/NiFe junction at a fixed current, *I* = 10 μΑ

Moreover, to elucidate the role of Co and NiFe doping with BLG, we fabricated another set of heterostack devices, NiFe/BLG/MoSe~2~/Co. Before annealing, we measured the MR loops that described positive magnetoresistance, as shown in Fig. [4](#Fig4){ref-type="fig"}a. Importantly, after annealing, the polarity of NiFe/BLG/MoSe~2~/Co junction reversed, as shown in Fig. [4](#Fig4){ref-type="fig"}b. The negative polarization is attributed to hole-doping on the NiFe/BLG interface and proximity-induced band splitting in BLG, which induces the majority of spin-down electrons \[[@CR28]\]. The temperature-dependent MR values of the NiFe/BLG/MoSe~2~/Co SVJs were calculated (\~ 0.12, \~ 0.24, \~ 0.48, \~ 0.86, and \~ 1.2% at *T* = 300, 200, 100, 50, and 4 K, before annealing and \~ -0.56, \~ -0.75, \~ -0.98, \~ -1.42, and \~ -1.99% at *T* = 300, 200, 100, 50, and 4 K, after annealing) as shown in Fig. [4](#Fig4){ref-type="fig"}c. It is notable that after annealing, the MR values increased due to decreased resistance, gaps between layers, and improved doping phenomenon in BLG by NiFe. Further, before and after annealing the net polarization of NiFe/BLG/SL-MoSe~2~/Co SVJ is positive and negative, respectively which is illustrated schematically in Fig. [3](#Fig3){ref-type="fig"}c. In addition, after annealing the current-dependent MR, ratios of the NiFe/BLG/MoSe~2~/Co SVJ were calculated as shown in Fig. [4](#Fig4){ref-type="fig"}d. Therefore, it was found that with increasing ac current from *I* = 10 μA to *I* = 50 μA, the MR value decreased from \~ − 2.0 to \~ − 1.71%. This reduction of MR is conventional and due to the spin excitations localized at the interfaces and the local trap states in non-magnetic spacer \[[@CR13], [@CR15], [@CR35], [@CR36]\]. At this end, we plotted a graph which presents the MR (%) values of our all types of devices throughout this project and revealed a consistent and repeatable trend as shown in Figure [S4](#MOESM1){ref-type="media"}. Fig. 4**a** Before annealing, the MR traces as a function of the magnetic field at *T* = 300, 4 K and *I* = 10 μA. **b** After annealing, the MR traces vs magnetic field, B, at different temperatures. **c** Before and after annealing, the MR values at *T* = 300, 200, 100, 50, and 4 K. **d** The MR magnitudes of NiFe/BLG/SL-MoSe~2~/Co at different current values

However, doping due to the FM contacts \[[@CR37]\] and band splitting due to the proximity effect create a difference in the population of the spin-up and spin-down electrons in graphene \[[@CR38], [@CR39]\]. Upon annealing, the conformation and improved contact between the FM contacts and adjacent bilayer graphene provide an effective decoupling of graphene layers within a van der Waals-bonded few-layer crystal, as reported in the twisted graphene bilayers making two electronically decoupled thinner graphenes \[[@CR40]\]. Afterward, these two distinctly doped and proximitized graphene layers become spin-polarized electrodes, which decide the polarity of magnetoresistance.

Basically, Co and NiFe FMs have n- and p-type doping in BLG, respectively. In combination with Co/BLG, the Fermi level of BLG is moved to the conduction band due to n-doping. When the Fermi level of BLG lies in the conduction band, the density or population of the spin-up electrons increases as compared to the spin-down electrons due to the proximity-induced band splitting of graphene, ultimately presenting a positive spin polarization. On the other hand, in NiFe/BLG stack, the Fermi level of BLG shifted to the valence band and proximity-induced band splitting encourages the density of the spin-down electron, which finally demonstrates a negative spin polarization. Notably, in our experiments, the proximity-induced effect in BLG becomes prominent only when the devices are annealed after metallization of the FMs as observed similarly in ref. \[[@CR28]\]. Initially, we were interested about the Fermi-level of SL-MoSe~2~ that may possibly move due to proximitized contact of Co or NiFe after the annealing process. But surprisingly, it remained consistent due to the meager doping effect on MoSe~2~. It demonstrated stable positive spin polarizations at SL-MoSe~2~/NiFe and SL-MoSe~2~/Co interfaces due to which we can easily modulate the sign of MR by selection of either NiFe or Co with BLG in Co/BLG/SL-MoSe~2~/NiFe or NiFe/BLG/SL-MoSe~2~/Co junctions. In addition, we have found that in ref. \[[@CR28]\], a maximum of 1% MR is observed after annealing in BLG spin-valve junction. On the other hand, in our work after annealing, we have found MR \~ 1.86% (86% larger than that of ref. \[[@CR28]\]) in Co/BLG/SL-MoSe~2~/NiFe and \~ 1.99% (99% larger than that of ref. \[[@CR28]\]) in NiFe/BLG/SL-MoSe~2~/Co devices. Since, we concluded that the manifestation of BLG/SL-MoSe~2~ junction provides large MR values as compared to only BLG or SL-MoSe~2~, thus, the basic functionality of device fabrication may contribute to opening a new avenue for logic and memory spintronic applications in the future.

Conclusions {#Sec9}
===========

In summary, we revealed decontaminated SVJs of Co/BLG/NiFe, Co/SL-MoSe~2~/NiFe, Co/BLG/SL-MoSe~2~/NiFe, and NiFe/BLG/SL-MoSe~2~/Co. The current-voltage characteristic of all SVJs demonstrated a linear relation, which confirmed the metallic junction and behaves like conducting film. We examined the positive and negative MR signals in Co/BLG/NiFe before and after annealing, respectively. Since after annealing, the proximity-induced effect reverses the polarity of BLG SVJs. Although, in the Co/SL-MoSe~2~/NiFe, the MR values have improved faintly, but unlike BLG, its polarity remained the same (positive) before and after annealing because SL-MoSe~2~ has a negligible doping effect from FMs. Moreover, like SL-MoSe~2~ the heterostack SVJs of Co/BLG/SL-MoSe~2~/NiFe showed a positive polarity before and after the annealing process, but its MR values are significantly enhanced after annealing. Additionally, NiFe/BLG/MoSe~2~/Co SVJs demonstrated a positive MR before annealing, but after annealing, the polarity is reversed due to proximity-induced band splitting of BLG coupled with NiFe with improved MR values. Moreover, we observed the current-dependent MR magnitudes which decrease at large current values and are attributed to the contribution of interfacial states at high biases. Hence, compared to BLG and SL-MoSe~2~, the BLG/SL-MoSe~2~ heterostack reveals higher MR and spin polarizations, thereby proposing better spin filtering phenomenon at the interfaces. Subsequently, in BLG/SL-MoSe~2~ devices, the polarity is not only reversed but also it demonstrates the efficient spin filtering mechanism at FM interfaces. These investigations on 2D semiconductor materials and their heterostacks may explore valuable complementary information in spintronic logic devices.

Supplementary information
=========================

 {#Sec10}

**Additional file 1: Supplementary Note 1.** Fabrication of hole through wafers. **Supplementary Note 2.** Schematic illustration of device fabrication for hole. **Figure S1.** Characterizations of suspended graphene structure. (a) The Raman spectrum of bilayer suspended graphene. The small D peak is observed which attributed to strain effect and is normal in suspended graphene. (b) After FMs depositions the Scanning electron microscopy (SEM) image of final device from top side. **Figure S2.** (a) The AFM image of single layer MoSe~2~ flake is taken on substrate. (b) The height profile corresponding to thin MoSe~2~ shows single layer as the thickness of our flake is very close to reported value (\~0.77 nm). (c) The Raman spectrum of single layer MoSe~2~ on supported region. The A~1g~ and E^1^~2g~ peaks are observed around \~240.6 and 286.4 cm-1 which is also sign of single layer MoSe~2~. **Figure S3.** (a) Schematic drawing of graphene FETs with Co and NiFe doping. (b) The resistivity *vs* back gate, Dirac measurements. (c) The RA of the junction devices before and after annealing. The resistance of all devices is reduced after annealing. **Figure S4.** The MR (%) values at different temperature for all type of devices after annealing by keeping current I = 10 μA.
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